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SUMI^AIg 


% 


This  report  presents  the  results  of  a  six  months  study  of  test 
service  and  overhaul  experience  on  the  transmission  system  components  of 
H-3>  H-53>  and  H“54  helicopters.  The  study  was  conducted  to  determine  the 
relative  effectiveness  of  bench  tie-down  and  flight  testing  in  revealing 
transmission  system  modes  of  malfunction  or  failure. 

Failure  data  for  transmissions  of  all  three  aircr.'’'*^  wore  made  to 
determine  failure  trends  and  rates  of  failure.  An  analysis  of  those  data 
overhaul  information  and  component  costa  was  conducted  to  determine  the 
effectiveness  of  current  overhaul  practices  and  recommendations  for  trans¬ 
mission  operating  j^borvals  are  offered. 

An  in’^stigation  of  the  relative  costs  spent  on  testing,  pro¬ 
duction  and  spare  transmissions  overhaul,  and  modifications  (BCP's)  has 
been  Hiade  for  the  H-3  and  H-53  which  undergone  full  military  qualification 
test  programs. 

A  discussion  of  the  goals  of  transmission  development  is  included 
along  with  a  suggested  transmission  test  program. 
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STUUr  OP  HELICOPTER  TRANSMISSION  STSTEK 


DEVELOPMENT  TESTING 

IMTRODUCTICN 

TheTe  is  consldorable  evidence  available  to  indicate  that  helicopter 
transmlseion  system,  reliability  and  aircraft  availfiblllty  in  operational  service 
could  be  sl^iflcantly  inpvoved  by  adequate  and  timely  development  testing,  which 
oust  include  not  only  testing  but  also  development  and  incorporation  of  design 
improvements.  Since  lov  reliability  results  in  large  logistic  and  maintainability 
expenditures,  it  appears  that  more  extensive  development  testing  would  be  cost 
effective,  not  only  in  decreasing  sp>ares  requirements  but  also  increasirtg  air¬ 
craft  avilability  early  in  the  operational  pb».«e  and  reducing  overall  life  cycle 
costs  of  helicopter  systems. 

This  study  was  conducted  for  the  U.S.  Amy  Aviation  Materiel  Cooasand 
(USAAVOCM)  to  evaluate  the  extent  to  which  the  types  and  amount  of  development 
testing  determines  (or  regulates)  the  level  of  traneniosion  reliability  and 
overall  operational  effectiveness  in  the  field.  The  analyses  included  herein 
were  conducted  with  actxial  toot  and  service  data  to  establish  the  value  of  each 
type  of  testing,  to  permit  meaningful  conclusions  to  be  drawn  and  to  provide  a 
•vDund  basis  for  the  recommendation  of  e  better  development  testing  criteria. 
Reasonably  these  data  and  recomnendations  will  be  incorporated  in  a  new  test 
specification  for  helicopter  transadseion  system  development. 

In  addition  an  evaluation  of  current  service  interval  (TBO)  practices 
has  been  made  with  reconmendaticne  for  establiehlog  a  more  logical  and  coat 
effective  approach. 


To  determine  the  relative  effeetiYenese  of  past  and  present  traasHiseion 
test  program,  Sikorsky  Alrtsraft  has  selected  three  production  aircraft  nodels, 
the  H-3,  H-?3,  and  H-^U  for  which  there  is  considerable  test,  production,  and 
field  service  data  available.  A  brief  suMoary  of  technical  data  and  the  type 
of  testing  conducted  on  each  aij.’craft  is  presented  in  Table  I.  The  data 
included  in  Table  I  is  appUcable  as  of  June  1968, 

Schematic  drawings  of  the  transmission  system  arrangements  and  cross- 
sectional  drawings  of  the  main  gearboxes  for  each  adrcraft  are  included  in 
Appendix  I. 
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SIKORSKY  HSUCOOTER  DATA 
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Under  Contract 


CQNCI,USIONS  AND  RSGOMMEIPATIQNS 


Discusaion 

The  (inj.tial)  teat  programCa)  for  helicopter  (and  other  V/STOL  aircraft) 
power  transmiasion  systeas  should  have  three  (3)  prjanary  objectives, 

1.  To  (reasonably)  demonstrate  that  the  trans¬ 
mission  system  con^onents  meet  their  design 
requirements  as  established  in  the  aircraft 
detail  specification  and  applicable  military 
specifications . 

NOTE:  These  tests  are  the  qualification 

substantiation  tests  (or  praproduction 
tests)  currently  required  by  military 
specifications  such  as  1'1IL-T-5955B  and 
MIL— T— 8679* 

More  importantly,  however,  the  transmission  test  program  should  provide 
sufficient  test  effort  to; 

2.  Thoroughly  develop  and  "debug"  the  transmission 
con^ononts, 

3.  Determine  the  modes  of  failure  of  the  transmission 
system  components  and  demonstrate  that  £C.l  "catastrophic" 
mocker,  are  well  out  of  the  planned  operating  ranges.  In 
eorjynetion  with  testing  demonstrate  that  all  non- 

cata '■trophic  modes  of  failure  are  detectable. 

Those  latter  owo  objectives  require  test  philosophies  that  depart  from 
the  "raust-pasc"  tests  that  have  (at  least  in  the  past)  been  associated  with 


U 


the  qunllflcatlon/subetBnti&blon  teste  of  the  ctirrent  Bdlltary  test 
specifications  for  helicopter  transaission. 

On  the  basis  of  tlie  investigations  and  analysis  conducted  during  this 
study,  a  nuaber  of  specific  concluslcns  have  been  drawn.  In  addition,  these 
conclusions  and  recommendations  can  be  divided  Into  two  basic  areas: 
developnent  and  qualification  testing  and  service  interval  (TBO)  practices: 

Development  Testing 

1.  The  regenerative  bench  test  is  the  most  effective  means 
of  developing  helicopter  transmission  components  on  the 
basis  of  the  number  of  problems  uncovered  (modes  of 
failure)  and  cost  per  hour  of  testing* 

2.  The  tie-down  and  dynamic  test  facilities  may  be  very 
effective  and  necessary  tools  in  deteianining  the  dynaadc 
response  and  interface  problems  between  transmission  and 
other  helicopter  systems  (i.e.,  control,  rotor,  engine, 
airframe,  etc*),  but  neither  are  as  effective  in  develop¬ 
ing  the  power  train  components  as  th?'  regenerative  bench 
test. 

T.  Helicopter  transmission  development  test  prograns  should 
be  designed  to  uncover  prool’.em  areas.  As  such  the  loading 
(power,  thrust,  etc.;  shoiCLd  be  considerably  accelerated 
over  normal  nj.88ion  requirements  and  not  based  on  arbitrary 
requirements.  (See  poragri^  U.) 
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U*  The  load  acceleration  used  In  tranemintilon  development  teste 


should  be  kept  vlthin  practical  limits  of  deflection  and  stress*. 
Proa  the  test  experience  on  the  three  models  reviewed,  the 
foUovdnfc  appeEir  to  be  the  practical  msxixaum  limits* 

Power  11056  to  12056  of  take-off  or 

maxdMsn  rating 

Speed  11056  of  oaodjottit  speed 

Thrust,  Load  12056  of  maxiaua  anticipated 
conditions 

Loads  beyond  these  limits  may  (will)  produce  excessive 
deflections  beyond  the  point  where  the  anticipated  life- 
load  relationships  apply  thereby  producing  test  results 
that  are  no  longer  meaningful* 

5,  To  obtain  sufficient  statistical  information,  the  initial 
bench  tests  should  include  several  test  specimens.  While 
reliability  studies  indicate  an  appreciable  quantity  of 
gearboxes  is  required  to  cover  the  possible  tolerance  var¬ 
iations,  scatter  in  strength  of  components,  etc.,  three  or 
four  gearboxes  are  considered  desirable  and  two  units  (not 
including  the  Dummy  or  slave)  mandatory. 

6.  The  duration  of  the  bench  tests  is  not  as  important  as  the 
approach.  It  is  considerably  more  effective  to  conduct  two 
"overstress'’  development  tests  introducing  the  necessary  fixes 
for  the  test  units  (and  production  transmissions)  as  mal¬ 
functions  occur  rather  than  conduct  a  single  "raust-pass"  tost 
at  a  low  mil-spec  test  requirement. 
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7.  Follow-on  deirelopment  programs  for  helicopter  transmission 
system  components  should  be  included  in  the  original  contract 
or  negotiated  during  the  Initial  prototype  program  (or 
contract  period)  to  maintain  continuity  in  the  testing  and  to 
provide  the  necessary  program  to  develop  "fixes”  for  the 
earliest  possible  incorporation  in  now  production  and 
delivered  gearboxes* 

8*  Requirements  for  substantiation/qualification  "must-pass" 
tests  (if  considered  mandatory  by  the  procuring  agency  for 
granting  the  authority  to  initiate  production  fabrication 
or  deliveries)  should  be  conducted  in  addition  to,  but  not 
in  place,  of  properly  designed  developtaental  tests* 

Service  Intervals 

1*  Constant  failure  rates  observed  in  a  complex  component, 
such  as  a  helicopter  transmission,  are  made  up  of  many 
failure  modes,  each  of  which  can  have  a  failure  rate  other 
than  constant.  Debugging  or  wear-out  phenomenon  occurs  at 
the  component  level  when  one  mode  of  failure,  having  a  de¬ 
bugging  or  wear-out  characteristic,  dominates  the  failure 
rate  of  the  complex  component  or  when  several  lesser 
f-rlliire  itiodofT  vlth  rimilar  fail\rre  patterns  combine  to 
control  the  complex  eosq>onent*s  fsd-'.ture  pattern* 

2.  Low  service  intervals  do  not  necessarily  assure  flight 
safety  or  aircraft  availability*  On  the  contrary,  low 
service  intervals  necessitate  more  units  per  given  number 


of  fl.tght  hoxirs,  thereby  statistically  increasing  the  exposure 
to  failure.  In  addition,  low  service  intervals  result  in  un¬ 
economical  operation  and  increased  maintenance  burdens, 

3.  Current  seirvice  intervals (TB0‘ a)  are  arbitrarily  established  by 
"must-pass”  qualification  tests  and  have  little  relationship  to 
helicopter  transmission  "wear  out”  phenomenon  or  to  component  re¬ 
tirement  intervals. 

U,  Service  intervals  for  helicopter  transmissions  should  approach 
the  removal  ”on-condition”  concept  providing  the  transmission 
development  programs  have  established  the  modes  of  failure  and 
demonstrated  that  these  modes  are  noncatastrophic  and  detectable. 
There  may  be  some  practical  upper  limit  (calendar  or  flight  hours) 
for  this  interval  -  say  2000  hours  tr  3  years  for  military  aircraft. 
This  practice,  or  an  actuarial  practice  such  as  is  sometimes  used  for 
aircraft  engines,  will  result  in  considerably  reduced  maintenance, 
overha'il,  and  spares  costs, 

5.  Spares  provisioning  for  an  ”on-condition”  or  high  service  interval 
can  be  established  on  MTDR  or  MTBF  data,^^^ 


’l)  definition  on  page  32. 

(2)  One  metliod  is  suggested  in  RELIABILITY  DISCIPLINES  -  DETERMINE 
the  OPTIMUM  REPLACEMENT  TIMES  for  MAJOR  MECHANICAL  COMPONENTS  of 
HELICOPTERS  -  R.V/,  Caseria,  Sikorsky  Aircraft  SAE  Technical  Paper 
855B  April  1964. 
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GURREMT.TEST  REQUIREMENTS 


The  design  and  teat,  requirements  for  military  helicopter  power  trans- 
ndssion  systems  components  are  for  the  most  part  set  forth  in  two  general  military 
specifications,  MIL-T-5955B  and  MIL-T-8679. 

Kri^T-5955B 

This  dociunent  outlines  the  "general  requirements  for  transmission  systems 
used  in  applying  primary  power."  In  this  Specification,  the  power  transmission 
system  is  defined  as  all  part  "between  the  enginoCs)  and  the  main  or  auxiliary 
rotor  hubs.  This  will  be  interpreted  to  include  gearboxes,  shafting,  universal 
joints,  coupling,  rotor  brake  assembly,  overrunning  .  .  .  clutches,  supporting 
bearings  for  shafting  and  any  attendant  accessory  pads  or  drives." 

This  specification  sets  forth  the  general  design  requirements  for  power 
train  components  and  covers  the  acceptance  (Quality  Control)  test  requirements. 
Acceptance  tests  are  defined  by  the  specification  as  "that  group  of  tests  conducted 
...  to  demonstrate  end  item  Quality  Control,  correct  assembly  and  performance," 

In  addition  it  specified  (in  paragraph  4»2.2)  that  prepjroduction  testing  be 
conducted  in  accordance  with  MIL-T-8679. 

A  suggested  revision  to  MIL-T-5955  (designated  "C"),  which  is  currently 
being  reviewed  by  contractor  and  Government  personnel  proposes  to  incorporate 
r’ovolopmenVi?.  '’.nd  orooroduction  test  requirements  into  the  specification.  In 
thi'-  f'^vision,  devolopriontal  test  requirements  are  to  be  prepared  by  the 
contractor  and  approved  by  the  procuring  activity. 

The  pi^production  tests  as  proposec  require  the  testing  of  a  minimum  of 
two  saraoles  for  ?.00  hours  at  the  following  conditions: 
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PREPRODUCTION  TEST 


TIME 

POWER 

INPUT  SPEEDS 

10  hours 

Min,  input 

Normal  rated  RPM 

90  hours 

Max.  input 

Maximum  i*ated  RPM 

15  hoxirs 

Hin.  input 

Normal  rated  RPM 

85  hours 

Ksx.  input 

Maximum  rated  RPM 

The  '*C”  revision  would  consider  that  satisfactory  completion  of  the 
preproduction  test  would  occur  when  a  helicopter  transmission  ccxoponent  had 
completed  "200  consecutive  hours  of  testing  •  .  •  without  failure,  excessive 
wear  or  other  damage  .  « 

MII^T-a679 

This  specification  covers  the  ground  testing  of  helicopters  and  the 
components  peculiar  to  helicopters  including  the  development  and  production 
acceptance  tests  for  the  power  transmission  system.  The  specific  test  require¬ 
ments  for  the  transmission  system  are  outlined  in  paragraph  3* 7.  While  the 
specification  states  that  "the  Contractor  shall  have  satisfactorily  conducted  a 
transmission  bench  tost  .  .  no  test  requirements  are  included.  Those  devel¬ 
opment  tests  outlined  in  this  document  in  some  detail  are  tie-down  tests  and  include: 

,50  hour  Preliminary  Flight  Approval 

.■<50  hour  Phroproduction  Test 

,250  hour  Ground  Test  (when  required  by  the 
prooiuring  activity) 
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T<»8t  Spectna 


KIL-T~d679  specif lad  a  power  loading  schedule,  based  on  reciprocating 
engine  ratings,  for  the  above  tie-4own  tests.  Each  of  the  tests  are  to  be 
conducted  in  10  hour  cycles  as  follows; 

10  HOUR  TEST  CYCLE 


TIME 

Th^.) 

POWER  lEVEL 

SPEED 

0.5 

Take-ofl^ 

T.O. 

0.5 

Idle* 

Idle 

0.5 

Military  ** 

Military 

3.0 

Normal  Rated  ** 

Normal  Rated 

1.0 

90^  NRP 

Normal  Rated 

1.0 

80$  NRP 

Normal  Rated 

2.5 

60$  NRP 

Min.  Cruiee  Speed 
or  905^  N.R.  Speed 

1.0 

Normal  Rated 

IIOSC  N.R.  Speed  or 
^&x.  Permissible 
Engine  Speed 

<K;ycle  5  ain.  at  T.O.  powsr/speed- 
5  min,  at  idle  power/speed 
♦^•Cycle  30  min.  at  Military  power/speed  - 
30  ain,  at  60^  NRP/speed 

The  tests  outlined  in  both  specifications  are  those  specified  for  the 
substantiation  or  qualification  of  the  transmission  system.  In  other  words,  the 
fn'i.ii*! iiiujji  r*7quir c^ucnt c  that  must  be  passed.  Li.ttle  reference  is  made  to  programs 
that  are  truly  dovelopaental  in  nature. 
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Neither  Specification  covers  bench  testing,  bench  tests,  when  conducted, 
hare  always  been  covered  in  the  aircraft  detail  specification  or  contract. 

Too  often  in  the  past,  the  procuring  agency  (and  sometiaes  the  Contractor) 
has  considered  the  preproduction  and  tie  down  test  programs  (peziiaps  because  of  the 
tight  f\mding  or  scheduling)  the  only  necessary  transmission  development  progz‘am. 
Bnphasis  is  placed  on  passing  the  test  within  a  fixed  calendar  time  or  n\adt>er 
of  test  hours,  thus  discouraging  proper  development  of  the  power  train  components. 
This  approach  can  result  in  a  major  field  logistic  problem  with  the  helicopter 
transmission  components  in  two  ways. 

-  If  the  level  of  the  test  spectrum  is 

too  low,  a  low  transmission  reliability 
too  often  results  «>  the  testing  then  occurs 
in  the  field  and  serious  logistic  and  retrofit 
problems  are  experienced. 

- - IX  too  severe  a  test  is  conducted  and  failTUTes 

occur,  the  "must-pass”  approach  often  results 
in  holding  down  the  service  interval  TBO 
thereby  req\iiring  more  spax^s  overhauls,  etc. 

Th''  analysis  of  the  test  programs  on  the  three  Sikorsky  helicopter  transmission 
systems  will  demonstrate  these  observations. 


12 


ANAUSIS  OF  TEST  mOCRA?S 

Discres3xat 

As  indicated  in  Table  I,  the  transaission  systeas  of  the  three 
Sikorsky  prodnction  helicopters  selected  for  this  sttidy  have  been  subjected 
to  KultileTela  cf  testlxig*  For  all  three  airoraftf  dynsMio  sjrstea  tests 
were  oondacted  on  an  integrated  propolsion/transaission  systea  test  facility, 
idiich  inclnded  the  engines •  Photos  of  these  facilities  are  included  in 
Appendix  A* 

The  tranaaission  ooaponents  of  two  of  the  aircraft  (the  H-3  and 
the  H^3)  were  subjected  to  extensive  tie«Kiown  and  bench  tests  as  well.  The 
duration  of  each  type  of  qualifioation/developaent  testing  for  each  of  the 
power  transaission  systeas  is  given  in  Table  XI  below, 

TABUS  II 

TOTAL  TEST  DDRATIOH 


Model 

Bench  Test 
(Hours) 

Tie-Down  Test 
(Hours) 

Dynamic  System  Test 
(Hours) 

Flight  Test 
(Hours) 

H-3 

3920 

1376 

m 

UOOO' 

H-53 

555 

500 

351t 

lUOO 

H-5U 

0 

0 

62U 

900 

*  Mnltilevels  of  Testing t  i,e..  System,  Subsystem  Component  Tests 
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GROUW)  TEST  PROGRAMS 


The  ground  test  progranm  for  each  aircraft  transoilsslon  system  are 
stmnarlzed  in  Table  III.  Included  in  this  suzimary  are  the  type  of  test> 
duration  and  tost  loading.  For  simplicity  in  presentation,  only  the  formal 
bench  test  programs  conducted  on  the  main  transmissions  are  presented.  The 
data  is  essentially  in  chronological  order  and  shows  the  changing  philosophy 
at  Sikorsky  Aircraft  in  utilizing  the  regenerative  bench  test  for  the  trans¬ 
mission  development.  Representative  tost  spectra  for  tie-down,  dynamic 
system  and  bench  tests  are  Included  in  Appendix  A. 

Bench  Tests 

The  transmission  bench  test  programs  conducted  under  the  initial  H-3 
and  H-53  contracts  basically  followed  the  same  general  pattern  and  in¬ 
cluded  the  following  test  phases. 

Phase  I  No  Load  Lubrication  Tilt  Tests 

The  test  transmission  was  mounted  on  a  tiltable 
stand  and  run  at  full  speed  and  no  load  to  de¬ 
termine  the  proper  flow  of  lubricant  to  each 
portion  of  the  gearbox  xuider  flight  attitudes. 

Phase  II  Bevel  Goal’  Pattern  Teats 

The  test  and  dunny  gearboxes  were  installed  in 
the  regenerative  test  loop  and  operated  at  various 
levels  of  torque,  from  0  to  maximum,  at  a  constant 
low  speed  to  determine  proper  bevel  gear  load  patterns. 

The  bevel  gear  teeth  were  painted  with  white  lead  to 
show  load  contact. 
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Phase  III  "Break-in"  Tests 

The  test  and  dansBcr  gearboxes  vero  subjected  to  a  break-in 
in  accordance  with  the  production  acceptance  test  pro- 
ced>\re8  (similar  to  MIL-T-8679»  paragraph  3.7«4)» 

Phase  IV  50-Hour  Qualification  Tests 

A  50-hour  qualification  (or  preliminary  flight  approval 
test)  was  conducted  on  the  gearboxes  at  the  endurance 
test  spectrum. 

Phase  V  Endxxrance  Tests 

Oatlined  in  Table  III. 

For  the  H-54  transmission  system,  the  bench  test  program  was  primarily 
limited  to  no-load  lubrication  tests  for  each  gearbox  and  a  25-hour  four¬ 
square  regenerative  bench  test  on  the  first  stage  input  section  for  the  main 
gearbox.  No  major  problem  areas  were  uncovered  during  these  tests. 

Tie4)own  and  Dynamic  Systems  Teats 

Ext-ensive  dynamic  systems  (propulsion,  drive  train,  rotors  and  controls) 
tests  were  conducted  for  all  three  aircraft  reviewed  in  this  report.  For  the 
H-54,  the  dynamic  systems  test  was  the  primary  dovelopment  and  qxialification 
vehicle  for  that  aircraft's  dynamic  ccmiponents. 

Both  the  H-3  and  H-53  were  subjected  to  tie-down  tests  conducted 
essentially  in  accordance  with  the  requirements  of  MIL-T-8679. 


rUGHT  TESTIHS 


A  review  of  the  tranamiaBion  malfunctions  occurring  during  the 
flight  test  program  was  also  conducted.  Particular  attention  was  given 
to  the  information  available  for  the  H-3  and  H-53  aircraft  where  the  tie¬ 
down  and  bench  test  data  wore  also  available. 

While  the  flight  test  programs  more  nearly  approximate  actual 
service  use  of  a  helicopter  tranamiaeion  system,  the  number  of  flight 
hooirs  per  month  early  in  a  program  is  necessarily  lew  due  to  instrumentation 
requirements,  weather,  etc.  The  number  of  problem  areas  uncovered  in  any 
given  calendar  period,  therefore,  is  considerably  lower  than  those  found  iri 
the  other  tests.  Another  factor  for  limiting  the  offectiveness  of  flight 
test  (  and  tie-down  and  dynamic  systems  testing  as  well)  is  that  the  initial 
production  engines  often  do  not  deliver  as  imich  power  as  later  versions. 

In  addition,  the  cost  of  flight  is  considerably  higher  than  those  of  bench 
or  tie-down  testing. 

Flight  testing  is  a  definite  asset  in  the  devolopoent  of  helicopter 
transmission  systems.  The  investlgatoi^  do  not  believe,  however,  that  a 
flight  test  program  specifically  for  transmission  development  is  cost 
effective. 
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For  tha  main  gearboxes  of  both  aircraft,  the  tests  of  Phases  II 
thru  IV  were  conducted  on  a  "back-to-back”  regenerative  test  stand  using 
a  "Test"  Gearbox  and  a  "Duwuy"  (or  slave)  Box.  The  intermediate  and  Tail 
Rotor  Gearboxes  for  both  helicopters  were  tested  in  "four  square"  regenerative 
test  stands.  Appendix  A  includes  photographs  of  these  test  facilities. 

Test  Rea\ilt8 

A  thorough  review  of  all  the  test  programs  of  Table  III  was  made 
to  detemlnos 

(t)  The  relative  effectiveness  of  each  type  of  testing  and  (2)  The  relative 
cost  of  each  type  of  testing. 

(a)  A  coB^>arlson  was  made  of  tie-down  and  bench  testing. 

Figure  1  shows  the  rate  of  accumulation  of  modes  and 
total  failures  verses  test  hours.  These  curves  are 
based  on  the  test  malfunctions/failures  for  the  main 
transmission  of  the  H-3  and  the  H-53*  One  important 
fact  is  to  be  noted;  that  is  the  impoi^ance  of 
multiple  sample  testing.  The  bench  test  employed 
two  aircraft  transmissions  to  form  the  regenerative 
loop,  and  as  a  result  more  different  modes  of  failures 
were  imcovered  faster  than  the  single  sample  used  on 
tie-down  tost,  although  acceleration  factors  were  about 

oqnAl- 

(b)  The  coincidence  of  the  maximum  failure  rate  both 

occuring  at  100  hours  may  be  explained  by  the  fact 


that  for  both  models  the  two  tests  started  and 


con9>leted  the  first  100  hours  in  the  same  time  span, 

(c)  To  establish  an  overall  cost  effectiveness  for  each 
type  of  testing  an  analysis  of  the  actual  costs  of 
the  bench,  tie-down  and  dynamic  systems  test  for 
each  aircraft  was  also  made.  Since  the  latter  two 
tests  are  used  to  substantiate/develop  other  aircraft 
components,  the  total  costs  of  these  programs  cannot 
be  reasonably  charged  against  the  transmission  system. 

The  test  costs  assigned  to  transmission  testing  was 
established  by  proportioning  the  number  of  transmission 
failure/malfunctions  o:xperianced  during  the  test  to  the 

V 

tota3.  number  of  malfunctions  experienced  on  all  components 
during  the  test.  Figure  2  shows  the  relative  coats  of 
three  types  of  ground  testing,  bench, tie-down,  and 
dynamic  system. 


An  analysis  of  the  failure  and  cost  data  of  Figures  1  and  2  was  made 
to  establish  a  relative  factor  of  cost  effectiveness  for  each  type  of  trans¬ 
mission  developrae*^  testing. 

For  this  study,  the  measure  of  effectiveness  of  testing  was  taken  as 


m 

C  t 

whore  m 
C 

t 


inodes  of  failure 
cost  of  test 
test  hours  x  cost/hour 
tost  duration  (months) 


From  Figtires  1  and  2  and  the  data  of  Appeftdix  (1)  the  average 
measure  of  effectiveness  of  each  type  of  testing  is 


Tie-down  Test 

'n  "  0-^ 

Dynamic  System  Test 

H 

O 

• 

C0 

Back-to-Back  Test 

^ 

If  the  "offectlvoness"  of  tie-down  testing  for  main  transmission 


development  is  set  eoual  to  one  ( 

TD  »=  1,0)  then: 

Tie-down  Test 

H 

y-‘ 

• 

o 

Tynamr'.c  System  Test 

'^ack-to-^ack  Tost 

It  is  therefore  apparent  on  the  basis  of  those  data  that  extensive 
and  early  bench  tests  vfill  "pay  their  way"  in  reducing  the  number  of  failureo 
the  tie-down  test  and  early  flight  test  programs. 
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ANAUSIS  OF  SERVICE  DATA 


imCDUCTION 

A  r«vi«H  of  the  service  histoxy  of  each  of  the  three  aircraft  has 
been  made  to  determine  the  mean-time -between  failure  (MTDF),  moan-tine-be- 
tween  removal  (MTBR),  owdos  of  fa^JLure,  and/or  roaeon  for  removal  of  trana- 
miaeion  system  components.  This  review  was  based  on  the  following  data: 

(a)  Sikorsky  Aircraft  Field  Discrepancy  Reports 

(b)  Sikorsky  Aircraft  Field  Service  Reports 

(c)  Overhaul  Inspection  Reports 

(d)  U.S.  Navy  Fallure/Unsatisfactory  Reports 

(o)  U.S.  Air  Force  Maintenance  Management  66-1  Reports 

(f)  Aircraft  Log  Records 

For  each  major  subsystem  in  the  transmission  system  (i.e,,  gearboxes, 
drive  shifting),  the  modes  of  failure  and  quantity  of  removals  due  to  each  mode 
were  analyzed,  and  whore  sufficient  data  exists,  a  failure  trend  analysis  was 
prepared  for  each  mode  of  failure. 

Since  the  main  gearbox  is  the  most  complex  assembly  in  the  trans¬ 
mission  system,  most  of  the  service  problems  are  usually  associated  with  it. 

Its  costs  and  lead  time  (both  production  and  overhaul)  make  it  the  primary 
logistics  problem  as  well,  A  review  of  the  H-3,  K-53  and  H-5A  service  history 
indicate  this  trend.  Therefore,  the  primary  effort  in  the  service  history 
review  was  concentrated  on  the  main  ti^nsmissicn. 


T^TwrTrt.!  oyyoxTTnv*  pvdlt/Tipxtpt? 


Figures  (3)  throu^Js  (lO)  give  thu  failure/malfunction  trends  for 


the  H-3,  H-^3  and  main  gearboxes  respeotlvely.  These  curves  include 
all  gearbox  premature  remorfils  for  the  period  reviewed  includiog  pilot**  and 
■aintenance-lnduoed  failures  or  malfunctions.  These  data  indicate  thst 
the  main  transmissions  of  these  aircraft  have  essentiall^ir  constant  removal/ 
failure  rates*  There  is  strong  evidence  to  indicate  other  helicopter  manu- 
faoittrers'  gearboxes  show  the  same  trends  after  these  units  have  been 
sufficiently  developed.* 

Figures  (3)  through  (7)  reflect  the  individual  histories  of  pro¬ 
gressive  design  modifications  in  the  SH-3A)  H-3  family  of  main  tranodssions. 
The  development  of  this  gearbox  can  be  traced  through  the  increasing  MTBFs. 

-  Figure  (3)  shows  the  initial  SH-31  production  main 
tranamiasion  design  to  have  a  constant  failure  rate 
with  no  single  dominating  mode  of  failure* 

(MTBF  ■  $02  hours) 

-  Figurs  (U)  shows  the  failure  trend  of  a  modified  version 
of  this  gearbox.  The  failure  trend  fo.r  this  unit  exceeds 
the  upper  statistical  limit  of  the  normally-expected 
variation  about  the  constant  rate.  This  validates  the 
conclusion  that  for  this  gearb^.,»  the  rate  is  not  constant 
but  is  g'ovQi'ned  by  an  un*aEually  high  early  failure  rate 
occurring  in  the  initial  hours  after  installation  on  the 
aircraft.  Improper  preloading  of  a  bearing  and  failure 
of  a  snap-ring  were  found  to  be  the  causes  of  this 

*  Dell  Kelicoptor  Company  Report  Number  205-099-168,  dated  June  17,  1967 


25 


failure  rate*  Tlae  histories  of  these  two  failures  are 
shown  in  the  upper  two  diagrams  of  Figure  (Ua).  The 
first  curve  illustrates  that  the  preload  problem  was 
essentially  a  zoro-tlxae  failure*  The  second  shows  that 
the  snap-ring  malfunction  was  an  "infant  mortality" 

(usually  occurring  within  the  first  sixty  hours  of  gearbox 
operation)* 

The  lover  diagram  shows  that  the  remaining  failures  of 
the  gearbox  e:diiblt  a  constant  failure  rate  pattern* 

(MTBF  "  321  hours) 

-  Figure  (5)  shows  the  failure  data  for  the  transmission 
incorporation  ImproveaMnts  for  the  above  problems^ 
demonstrating  that  the  unit  again  operates  in  the 
constant  failure  rate  region* 

(MTBF  «  510  hours) 

-  Figure  (6)  covers  data  on  the  36135-21000-5  gearbox 
>rtiich  was  the  next  production  version  of  the  K-3 
gearbox.  This  unit  incorporated  furt.her  design 
improvements  lowering  the  failure  rate  (still  constant)* 

(I-TTSF  •  5U6  hours) 

Unfortunately,  the  service  interval  (TBO)  of  all  the  above  gearboxes 
tfas  held  at  500  hours*  Even  though  all  but  the  36135-20600-6  gearbox 
(Figure  (U))  operated  at  constant  fjvilure  rate  and  none  eaqporlenced  any 
catastrophic  failures* 


28 


»  Figure  (7)  ehovs  failure  trend  date  on  a  gearbox 
with  a  higher  servloa  iaterral  and  rellects  a 
aUbetantlal  aaotmt  of  high  tijM  gearbox  operatijon* 

This  curve  shove  a  "vewout**  pattern  or  trend 
associated  vith  an  inoreaslng  failure  rate  of  the 
driven  bevel  gear*  The  degree  to  which  the  driven 
bevel  failure  doMlnates  the  MTBF  of  this  gearbox 
is  shown  in  Figure  (7a), 

There  were  eseentially  no  driven  bevel  gear  failures 
in  the  first  12$  hours  of  operation  since  new  or  over¬ 
haul,  eons  failures  before  UOO  hours  and  a  rash  of  fail¬ 
ures  after  UOO  hours*  Other  less  significant  nodes  of 
failure  also  influenced  thie  "wear-ouf*  pattern* 

Figure  (7b)  shows  the  slight  but  noticeable  infloance 
of  failures  of  the  planetary  pinion* 

(yiBF  ■  72U  hours) 

A  similar  review  of  the  failure  trends  of  the  CH-3C,  CH-53A 
and  CH>$UA  was  also  made*  It  is  slgnlficai\t  to  note  that  in  the  analysis 
of  the  service  data  accumulated  on  the  main  transmissions  of  these  aircraft, 
no  predominant  modes  of  failure  have  been  found* 


*  The  use  of  the  term  ’♦wear-out"  is  that  of  the  reliability  engineer 
meaning  region  of  increasing  failwe  rate* 
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-  Figure  (8)  shows  the  failure  rate  (constant)  for  the 
U.S*  Air  Force  CH-3C  main  geaAox* 

(l-riBF  -  810  hours) 

-  Figure  (9)  is  the  failure  trend  of  the  CH-53A  main  geartox. 

While  some  failures  of  the  first  stage  planetary  pinions  have 
occurred  recently,  there  have  not  been  a  sufficient  number  to 
indicate  a  trend  for  this  component, 

(MTBF  “  949  hours) 

-  Figure  (lO)  shows  the  failure  rate  of  the  main  gearbox  of 
the  U.S,  Amy  CH-54A,  Moat  of  the  early  removals  were  due 
to  overtenqjerature  problems  and  lid>rication  pun^  seizures. 

Improved  gear  shielding  and  the  use  of  a  higher  viscosity  oil 
(SATO  35)  eliminated  these  problems, 

(MTBF  -  734  hours) 

“  Figures  (11)  and  (12)  give  a  chronological  history  of  the  IfTBPs 
and  MTBRs  for  two  models  of  the  H-3  aircraft.  In  these  curves, 
nilot"  and  many  maintenance-induced  problems  have  been  eliminated. 

The  resulting  MTBFs  and  MTBRs  are  therefore  somewhat  higher  than  pre¬ 
sented  in  the  previous  curves  in  that  they  reflect  only  the  material 
fracture,  wear,  spalling,  etc,,  type  of  failure, 

-  Figure  (U)  shows  the  failure  and  removal  history  of  the  SH-3A 
and  SH-3D  main  transmissions  obtained  from  data  gathered, 
averaged  and  plotted  quarterly.  The  KTBP  improvement 
noted  at  the  end  of  1963  was  the  result  of  successive 
gearbox  refinements.  The  MTBF  degradation 


36 


during  I96U  wu  doe  to  feilores  of  the  planetary  pinion 
gear  teeth  oaxuted  primarily  by  the  introduction  of  an 
engine  with  increaead  pomr  capability*  With  the  incor¬ 
poration  of  further  reflnenante  ax»i  tho  incorporation  of 
the  "beefed-up"  SH-3D  transadaeion  (larger  bevel  geare 
and  planetary)  I  the  MIBF  has  inproTed  and  remained 
relatively  stable* 

-  Figure  (12)  shows  the  chronological  history  of  the  CR-3C 
main  gearbox  MTBFe*  The  large  degradation  of  the  MTBF 
in  1966  and  196?  was  due  prixarily  to  stripped  threais 
in  gearbox  housings  at  lubrication  fittings*  The  in¬ 
corporation  of  steel  inserts  at  all  fitting  locations 
(late  1967  -  early  1968)  has  inproved  this  situation* 

Several  of  the  reaorals  of  this  unit  were  based  on 
exceeding  arbitrarily  established  SOAP  (Speotrographic 
Oil  Analysis  Prograa)  levels*  In  nearly  evory  case,  no 
discrepancy  was  found  in  the  gearbox  on  disa^seably*  A 
further  diacrussion  of  Spectrographio  Analysis  is  included 
in  a  later  section* 

P>EVIgW  OF  OVERHAUL  EXPERIENCE 

To  evaluate  the  service  interval  (TBO)  practices  currently  e»ployed 
by  the  U.S*  military  organisations,  a  review  of  32k  DIE'  ' ,  DIS'  ',  and 

DIRt  Disasscedbly  Inspection  Reports^  U.S*  Havy 

(2) 

DISt  Dlsasseably  Inspection  Suazsary,  U.S*  Amy 


LI 


and  TUI  wa  sad*.  All  of  thase  OTerhaols  vero  parfonoed  at  SUoorsk} 
Airosraft  tiador  tba  auporriiiion  of  Snglnsering  poraoBnol  froK  the  Traaaaiasioc 
De8i4pi  Group* 


(2) 

Of  the  109  hich  tim  gearboxes  revieiied»  less  ^an  ten  had 
discrepancies  that  varraated  rcjaoval  frost  serrice*  For  the  aost  part,  the 
transadssion  could  hare  rewainod  in  service  for  oonsiderabljr  longer  intervals* 


It  is  also  .interesting  to  note  that  on  the  CR-^  there  have  been 
several  U.S.  Army  reqoeste  to  extend  the  service  interval  of  the  sain  geai'box 
fro*  the  approved  500-hour  TBO  to  600  hours*  Hone  of  these  units  were  reaoved 
prior  to  reaching  the  extended  eervioe  interval*  Currently,  there  is  a 
px'ogras  to  extend  tbe  trannisaloe  service  interval  io  800  houre*  Of  the 
five  gearboxes  being  aonitorod,  osie  vas  reaaoved  at  615  hours  due  to  the  lack 
of  a  repair  part  locally*  Two  units  sill  be  inspected  at  ?00  houre  and  tvo 
at  800. 


The  U*S*  Havy  also  sxtonded  the  TBO  for  the  SH»3A  sain  transalssion 
during  a  period  of  sorlous  logistic  problens  with  that  unit  due  to  tooth 
fracttires  of  the  driven  bevel  gear*  Recognising  that  the  failures  nfsro 
detectable  (chip  detector)  and  noncatastrophic  (prior  to  laproved  chip  de¬ 
tector  incorporation  several  sere  formd  at  overhaul).  The  TBO’s  were 
extended  fron  the  recownended  500  hours  to  as  high  as  1,000  hours.  In  all, 

29  units  achieved  the  extexided  intervals  without  discrepancy*  In  no  case 
did  any  of  the  units  extended  boyocd  the  nomal  TBO  experience  a  oatastrophio 
failure* 

(1)  TDR:  Tear-Down  Report,  O.S*  Air  Force 
Corapletiag  approved  oveibaul  interval 
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The  a^ppiroMh  to  cerrloe  intervale  (TBC's)  for  helicopter 
trannlselon  dlffere  greatly  batmen  the  indlvidoal  Military  organiaatione 
and  the  oonaercial  operator*  Tabl«  17  below  presents  the  user-  (Military 
and  cosmercial)  approved  service  intervals  TBOCs)  for  the  transaisBios 
system  cooponents  for  three  versions  of  one  Sikorsky  helicopter*  Also  given 
are  actual  HTBR  figures  for  each  service*  WhjJ.e  there  are  sobs  differences 
between  the  main  gearboxes  xtaed  for  each  user,  the  tail  and  interaediate 
gearboxes  are  substantially  the  soe  for  all  three  applicatlonB. 


TABLE  I? 

COMPARISON  OF 

SERVICE  INTERVALS  AND  HTBRs 

USEK  A  USER  3  USER  C 


TBO 

MTBR 

TBO 

MTBR 

TBO 

MTBR 

Main  Gearbc  ; 

500 

519 

750 

57l» 

1200 

885 

Intermediate  Gearbox 

1000 

1167 

2000 

2095 

3000 

N/A 

Tall  Gearbox 

1000 

1550 

2000 

2230 

3C00 

n/a 

All  the  gearboxes  of  Table  17  were  qualif ied/substantiated  in  the 
sane  (or  sijailar)  test  progrsMSf.  Vfhile  adxittedly  there  may  be  somo  differences 
in  operating  conditions,  it  is  i^iparent  that  one  of  the  operators  is  extreately 
conservative  (and  not  cost  effective)  in  his  TBO  practices. 


Vfhllc  oxily  &  Halted  SYUi>«r  of  exan^lee  here  been  presented  la 
this  report  (end  conslderablT’  aore  ere  areileble)*  it  is  obvious  that  pro» 
vldlng  there  are  no  known  ports  with  reploceasnt  intervals  (life-liadted)* 

If  the  conponent  is  operating  satlsfaotorll^r  >  leave  it  elooe» 

Analyeis 

The  relationship  between  MTBF,  MFBR,  TBO  tmd  Percent  Scheduled 
Retaovals  is  shown  in  Table  V  for  a  transnlssion  with  a  constant  failure  rate. 
It  if  hoped  this  presentation  will  clarify  as  well  as  provide  a  batter  under¬ 
standing  of  these  terns.  This  table  shows  how  in  the  long  run  the  IfTBR  and 
Percent  Scheduled  Reaxjvals  is  influenced  by  the  reliability  of  the  transnis- 
sion  (l«e.|  its  HTBF)  and  by  the  usually  sossertdiat  arbitrary  selection  of  TBO. 
It  also  deaonstratee  the  effect  on  spares  requlreoaents  of  the  TBO  interval* 


TABLE  V 

KTBR  AND  PERCENT  S'CHEDOLSD  REH3VAI3 


TBO  AND  KTBF 


'  TIME  BETWEEN 
!  SCHED.  0‘ HAULS 
>  TBO 

i 

MTBF 

$00  HRS 

1 

800  HRS 

1200  HHS 

1 - -  "  " 

1 

300  HRS 

MTBR  »  225  HRS 
%  SCHED  REM  «  55 

MTBR  -  250  HRS 
%  SCHED  REM  -  69 

MTBR  -  267  HRS 
$  SCHED  REM  »  78 

I  700  HRS 

MTBR  -  337  HRS 
%  SCHBD  REM  -  25 

i  _ 

MTBR  -  U66  HRS 
%  SCHED  REM  -  U2 

KTBR  -  530  HRS 
%  SCHBD  REM  «  56 

i 

1200  HRS 


MTBR  •  U55  KHS 
%  SCHED  REM  -  9 


MTBR  "  662  HRS  MTBR  ■  760  HRS 
%  SCHED  REM  •  22  %  SCHBD  REM  •  37 


Esntplfl:  A  transalsvlon  with  &  high  reliability,  KTB?  ■  ISOO  hours 
and  a  low  sorvice  interval  TBO  •  300  houre  has  a  high  per- 
centage  of  aoheduled  reaovale  (76^)  but  a  IfISR  of  267  boiu'^* 

A  trantnission  with  a  marginally  acceptable  reliability, 

HIBF  •  500  hours  and  a  700-hour  TBO  has  a  considerably 
lower  s>rHedulod  removal  rate  (25$)  hub  a  KfER  of  337  hours 
and  will  actually  require  less  spares* 

This  analysis  clearly  demonstrates  that  achieving  a  high  Percent  Scheduled 
Removal  is  not  necessarily  a  measure  of  transmission  reliability.  If  a 
helicopter  transmission  has  failure  modes  that  are  detectable  (i.s.,  chip 
detector,  pressure,  temperature  indications)  and  noncatastrophic  in  nature, 
"on  condition”  operation  or  a  high  TBO  with  only  a  small  percentage  of  the 
units  achieving  a  "high  time  removal"  will  result  in  the  minimua  number  of 
spare  transmissions  for  the  program.  Again,  if  the  transmission  component 
is  operating  satisfactorily  -  leave  it  alone. 

OTHER  AIRCRAFT 

An  earlier  study, ♦  conducted  on  other  Sikorsky  models  including  the 
H-34  and  H-37  indicated  similar  advantages  for  (on-condition"  operation  of 
helicopter  dynamic  con^xjnonts.  This  investigation  concluded  that 
With  reliable  in-fligh.  detection  devices  and  proper  inspection  techniques 
the  "overhaul  on  condition"  philosophy  can  bo  achieved  with  no  increase  in 

*  OVERHAUL  ON  CONDITIOK  -  ELIKINATS  TIMS  BETWEBl  OVERHAUL,  by  A.  A.  Coronato, 
Sikorsky  Aircraft,  American  Helicopter  Society  Forum  Proceedings,  May  1961 


risk  to  the  operator.  As  a  statter  of  fact,  the  reliability  of  the  aircraft 
^ill  be  inc;  ^ased  since  it  means  less  "tinkerltus"  and  reduces  the  hazard 
of  improper  Installatioiv  or  adjustments.  In  addition  the  integrity  of 
components  will  be  greater  since  they  vill  be  subject  to  less  overhaul 
abuse  and  damage.  The  overall  cost  ^^nd  the  cost  to  the  operator  vill  be 
substantially  reduced  and  greater  availability  of  aircraft  to  perform 
mission  reqtiirenenta  vill  be  realised." 
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COMPARISON  OF  SBRVICB  AND  TSST  DATA 


A  con^parison  of  the  test  data  and  service  experience  for  the 
transmission  conponents  of  ths  H-3  and  H-53  ws  made  to  determine  which  of 
th®  initial  test  programs  nncovorod  the  service  problems  experienced  on  the 
early  production  transaLosiono.  It  is  apparent  from  this  review  that  in¬ 
dications  of  later  service  problems  were  nearly  divided  evenly  between  back- 
to-back  axxl  tie-down  tests.  Table  VI  shows  the  cou^jarlson.  Data  for  CH-5AA, 
although  available,  was  omitted  from  this  ccmparlson  since  the  only  type  of 
ground  testing  to  the  date  of  this  report  has  been  conducted  on  the  H-54 
Dynamic  System  Teat  Facility,* 


*  Production  acceptance  testing  on  a  U.S,  Amy-funded  regenerative  bench 
test  stand  was  initiated  in  July  1968,  This  facility  will  be  used  for 


the  development  program  on  a  giwth  H-5/t.  transmission  in  early  1969. 


COMPARISOH  C5P  TEST  AMD  SSHVICX  EXPERIEHCE 


TABLE  VI  -  (continusd) 


H  w 


H 


H 


8 


f 


COSTS 


The  le«d  tim  tr<M  Initiil  design  to  service  use  oft«n  aecessltetes 
orerl^^lsg  test  end  production  fahrioatloc  phases  resulting  In  coo^pcoents 
not  thoroughly  "debugged."  VhUe  It  Is  inevitable  th«t  tMs  practice  vill  of 
necessity  continue j  the  nost  effective  use  of  test  funding  should  provide 
scasi  isQ>rova«ent. 

TEST  COSTS 

To  provide  soiae  neasure  of  the  value  of  additieoal  testing*  the 
total  prograa  coots  of  the  H-3  @sd  H'<^3  helicopters  were  exaained  to  detemine 
the  relative  esqpenditnres  for  transnission  testing*  prodaotica  cooqponents* 
overhauls  snd  nodifications  (SQP^s)*  Tigures  (H)  and  (12)  ahcv  thsae  data. 

It  if  interesting  to  nose  that  for  both  prograns  only  6  to  7  per  oent 
has  been  spent  on  all  forms  of  main  tran^wissioo  development  testing  TihUe 
ECP  costs  are  estinated  as  11  to  17  per  oent  of  the  overall  trsnsaission  costs. 

These  coaqparatlT'e  cost  figures  were  established  by  taking  the 
total  ntanber  and  cost  of: 

->  production  and  spare  aain  tranemissions 

-  main  tranamission  overhauls 

-  ell  approved  main  transmission  ECP's 

•>  main  transmission  test  programs:  tie^lmms*  dynaioic 

wu  vvevo  ««/vrxvuu«uM  wv  mmo 

main  geaxboz  trcre  established  as  for  Figure  (2).) 

The  cost  data  does  not  include  tho  initial  engineering  design  effort 
nor  the  coet  of  production  tooling. 
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QROUnO  ?RODUCT\OH  OVJERHNUL  V\OD\F\C^T\0«S 
TRST  TR^H^\^\SS\0H5  C^CPS^ 
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O-KOOMD  P?%>t>0CTiOKj  0‘4EX  mAU'^  M"'DtrcAnOfV 
TC-STr  "TR:W'.\&h^»S^OM6  'H-:^PsS 


BFFSCS  OP  sstncs  meeiVAL  oh  fROOR^H  COSTS 


A  r»c«nt  study  ires  oenduetod  to  dstandns  tbs  effoet  of  etrric* 
latorrela  (TBO'a)  on  th*  orswll  psogra*  costs  of  tbs  H-53  bolicopter.  The 
study  considsrsd  tbs  spwfss  csnd  wdLatsnsnes  support  for  ths  dyn«lc  oospcosats 
of  120  adroraft  ot»r  a  ssTwa-yuar  (7)  psrlod* 


This  $  lysis  indioatod  that  the  costs  of  spares,  ■alatsttanoe  and 
overhaul  for  the  transtttssioa  ayirtea  eoa^oaents  for  ISO's  of  800  hows  and 
2000  hours  wsro  i^^roxiBately  as  follcirs*  In  the  presentation  of  this 
analysis,  tha  total  costs  of  areintensnos,  spares  aad  owrhaal  are  given  in 
thousands  of  dollars* 


TAB1£  VII 

TBO  vs.  MAIHimMCa,  OVKRHAUL  AND  SPABKS  COSTS 
H-53  TSIAKSMISSIOH  SISIEM 


TBO 

1300  BOIStS 

2000  Hoias 

Malnt. 

O'Haul 

Spares 

Kaiat. 

O'Haul 

COMPONENT 

Coat* 

Cost* 

Cost* 

Cost* 

Cost* 

Main  Oearbox 

75 

5,300 

12,500 

30 

1 

2,100  ‘ 

Nose  Gearboxes 

26 

1,720 

3,400 

J  1 

U 

680  ' 

Accessory  Gearbox 

6 

470 

1,050  ' 

1 

3 

260 

i 

.Inter»edi&te  Gearbox 

2 

190 

350 

1 

' 

;  no  ' 

Tail  Gearbox 

10 

530 

950  1  6 

1  .  -J.. 

i  310 

i  SUBTOTALS 

120 

8,210 

!  10,725 

:  51 

3,460 

t~ . 

TOTAL 

26,570 

1 

11 

12,230 

PER  CENT 

100,0  PER  cm 

_  46.5  PBRC 

Spares 

Cost* 


1,500 

700 

200 

600 

6,720 


*  Thousands  of  dollars 
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An  increase  in  service  interval  from  800  hours  to  2000  hours 
resulted  in  better  than  a  ilO  percent  reduction  in  the  spare  components 
necessary  at  the  same  failure  rate« 

I 

To  demonstrate  the  capability  of  all  of  those  H-53  drivo  traJ.n 
con^jonents*  to  operate  for  service  intorva3.e  up  to  2000  hours  and  at  a 
higher  power  level,  a  500-hour  overstross  bench  test  was  proposed  for  each 
component.  It  is  interesting  to  note  that  the  coat  of  this  program  i  i- 
cluding  all  design  effort,  product  is^rovemsnt  items,  test  gearboxes,  spares, 
as  well  as  all  testing,  is  being  conducted  for  less  than  3  percent  of  the 
program  support  costs  for  the  800-hour  components. 


♦  Main,  left-hand  and  ri^t-hand  nose,  accessory,  intermediate  and  tail 
gearboxes 
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PROPOSED  ORANSMISSION  PgVElOPMBNT  PKOGRAM 


imODUCTIOl; 

For  any  now  helicopter,  the  test  program  should  be  designed  to 
provide  for  adequate  development  of  the  aircraft’s  dyiiamic  components  as 
well  as  to  detnonstrat©  that  the  design  requirements  (derived  from  the 
aircraft  mission  requirements)  for  safety,  reliability,  and  rjaintainability 
have  been  met.  The  evaluation  of  the  first  two  factors  -  safety  and  re¬ 
liability  -  are  of  course  the  primary  objectives  of  the  test  program. 


DISCUSSION 

To  achieve  a  high  degree  of  ccanponent  reliability,  the  program 
must  include  provisions  for  making  esq^editious  modifications  to  the  test 
cun^jonents  as  well  as  the  initial  production  units  (if  production  must  be 
concurrent  with  prototype  development  -  as  it  so  often  is).  The  ability  to 
make  modifications  early  in  the  program  without  lengthy  evalviation  sjjd 
approval  cycles  (such  is  common  with  many  of  the  current  Engineering  Change 
Proposal  procedvires)  is  as  icportant  to  the  overall  goal  -  improved  heli¬ 
copter  transmission  reliability  -  as  a  properly  dosigrasd  and  executed  test 
program. 


The  early  phases  of  transmission  development  testing  should  be 
directed  toward  uncovering  the  major  modes  of  failure  find  denonetrating  that 
the  failures/malfunctions  are  non-catastrophic  and  fail  safe  and  can  be  de¬ 
tected  by  the  inspection  and  detection  techniques  to  be  used  in  service. 

This  objective  can  be  best  acconqilishod  by  an  ’’over-stress"  bench  tost  on 
the  initial  tranami8sion(8),  running  the  gearbox  at  the  upper  level  of  its 
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proposed  operating  spectrum  (i«e.  tai<e-o£'f  rating  or  slightly  above)*  It  should 
be  recognized  that  some  portion  of  this  test  should  bo  conducted  at  Icwer  power 
levels  to  check  lubrication,  vibraticsi,  etp.  as  well  as  avoid  scuffing  and  scoring 
of  helical  and  bevel  ^oaring.  The  operation  of  the  gearbox(e8)  at  powers  well  in 
excess  of  the  norml  operating  schedule  can  produce  results  that  are  not  meaning¬ 
ful,  The  load  acceleration  used  in  development  (and  qualification)  tests  should 
be  kept  within  practical  limits  of  deflection  and  stress.  From  past  Sikorsky 
Aircraft  experience,  the  practical  maximum  limits  for  acceleration  of  power,  speed, 
thrust  and  load  are  approximately  as  follcws: 

Power  11056  to  12Cp6  of  take-off  or  raaximuin  rating 

Speed  11056  of  maximum  speed 

Thrust,  Load  120^  of  maximum  anticipated  conditions 
The  operation  of  gearboxes  at  loads  beyond  these  limits  may  produce  exceseive  de¬ 
flections*  These  components,  therefore,  may  bo  operating  beyond  the  point  where 
the  anticipated  life-load  relationehips  apply. 

Gearboxes  containing  two  primary  drive  eystems,  such  as  the  rotor  and  propellor 
drive  trains  on  compound  helicopters,  should  be  subjected  to  accelerated  or  "over- 
stress"  testing  in  each  operational  mode.  Each  test  phase  should  include  operation 
at  or  above  the  maxLnmm  r/atod  power  for  each  drive  system.  The  dvtration  of  each 
test  phase  should  be  proportioned  to  anticipated  ratio  of  service  operation  in 
each  flight  mode. 

The  use  of  several  specimens  to  account  for  the  many  variables  associated  with 
part  interfaces,  strength,  manufactiudng  tolerances  etc,  is  vary  desirable.  It  is 
recognized  that  limitations  in  cost,  lead  time,  scheduling  and  test  facilities  will 
not  permit  a  sufficient  number  specimen  to  satisfy  all  reliability  engineers,  but 
the  inclusion  of  several  specimens  in  the  dovelopmont  tost  phase  will  eid  greatly 
in  uncovering  the  major  problem  areas.  The  dovolopraont  testing  of  two  to  four 
transmiasion  units  is  reconmended.  While  it  may  b®  impractical  to  conduct 
development  tests  on  more  than  one  or  t>fo  units  prior  to  field  deployment. 


lamodiate  follow-on  product  ia^irovcment  programs  on  updated  transmissions 
can  result  in  appreciable  savings  in  overall  progmm  costs  ^  initiated  early 
enough  ^  program.  Such  follow-on  transmission  programs  can,  for  the  most 
part,  bo  conducted  on  bench  toot  rigs  without  the  need  for  additional  tio-dewn 
or  flight  tests. 

While  niuch  attention  has  bean  given  t'^  the  regenerative  test  as 
a  transmission  developraant  tool,  it  is  not  the  intent  of  this  report  to 
belittle  the  advantages  or  necessity  for  d^niamic  systems,  tie-down  or 
flight  testing.  Those  tost  programs  are  often  essential  in  examining  the 
interface  problems  between  engines,  transmissions,  rotors  controls  and 
airframe  system.  Many  vibration,  cooling,  lubrication  and  operational 
problems  cannot  be  solved  without  one  or  more  of  these  other  tests. 

Svmnary 

In  summary,  for  any  helicopter  model,  the  initial  and  follow-on 
test  programs  should  be  prepared  with  the  objective  being  to  demonstrate 
that  the  design  requirements  for  safety,  reliability,  and  maintainability 
are  met. 

The  essential  methods  to  be  employed  in  the  test  program  to  meet 
this  objective  are; 

1.  The  use  of  the  multi-level  concept  and  the  use  of 
multiple  specimens  to  account  for  the  variabilities 
associated  vith  interfaces,  strength,  manufacturing, 

&nd.  snvi,x*oir!iont»s» 
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2.  The  UBO  of  ovflrotraso  mode-of-faiJLuro  testing  to: 

a*  Uncover  modes  of  fail\ire  early  and  to  de^ 
monstrata  that  they  non-catastrophic 
and  fail-safe  by  the  inspection  and  de¬ 
tection  techniques  used  in  service. 

b.  Verify  "fixes”  quiclcly 

3.  The  conduction  of  accelerated  qialification  test(s)  to 
reasonably  verify  that  the  design  objectives  are  met, 

4.  The  establishment  of  logical  teat  scheduling  such  that 
there  is  a  high  probability  that  the  transmissionCs) 
will  be  free  of  major  problems  before  entering  subse¬ 
quent,  higher,  levels  of  testing  with  the  ultimate  goal 
of  reasonably  verifying  that  the  design  requirements  for 
reliability  and  maintainability  have  been  achieved  by  the 
time  aircraft  are  deployed. 

SUGGESTa)  TEST  PROGRAM 

The  following  paragraphs  outline  a  suggested  development  (and 
qualification)  test  program  for  helicopter  transmission  system  con^jonenta. 

This  program  may  be  somewhat  idealized  and  may  require  "tailoring"  to  suit 
the  reqtdrerients  of  a  particular  helicopter  program.  It  will,  however,  pro¬ 
vide  a  guide  for  establishing  developmental  and  qualification  requirements 
for  transmissions  for  futxire  U.5.  Army  helicopters  as  well  as  provide  adequate 
demonstration  of  proposed  modifications  to  current  aircraft. 
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Tranamiaslon  B^nch  Toata 

A  'nlnlBium  of  two  (z)  teat  gearboxes  ahoxiLd  be  subjected  to  the 
bench  teats  generally  dcacribed  in  the  following  paragraphs*  A  test  time 
accumulation  of  50  hours  on  one  gearbox  should  be  completed  prior  to  start 
of  a  Propulsion  System  Teat  (or  Tie-Down  Teat)* 

1,  A  200  hour  overatreaa  development  teat  with  75?f  of  the 
tost  time  being  at  Take-off  Power*  or  eqviivalent,  155^ 
of  the  time  at  UOJf  of  Take-off  Power  and  the  remaining 
yjjL  at  normal  cruise  power*  All  other  test  timo  at 
powers  required  for  cooling,  etc.  between  take-3ff  or 
better  power  increments  should  not  be  credited  toviard 
the  total  200  hours. 

The  test  objective  is  to  determine  the  modes  of  failure, 
detectability  of  failures,  extent  of  fail-safe  features* 

In  addition  the  program  should  be  used  for  the  incorpora¬ 
tion  and  evaluation  fixes  and  in  general  to  "de-bug"  the 
transmission.  The  requirement  is  not  to  "pass"  this  test 
but  to  evaluate  the  design  and  compare  its  performance  to 
the  design  requirements. 


*  The  power  levels  indicated  for  the  bench  tests  refer  to  transmission 
ratings.  These  ratings  are  not  necessarily  the  same  as  the  engine 
ratings  for  the  aircraft. 
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2.  Upon  coiEplotion  of  the  initial  200  hour  ovoratrosa 
davoloptaant  test  (or  major  malfunction  of  the  tost  box) 
another  200  hour  overstress  bench  test  should  be  con¬ 
ducted  on  a  second  gearbox  which  incorporates  all  modi¬ 
fications  suggested  by  the  initial  test,  (The  fabrica¬ 
tion  of  "fixes"  and  ii^jroved  items  should  be  initiated 
while  the  first  test  program  is  in  progress* 

The  test  spectrum  for  the  secoitl  gearbox  test  should  be 
essentially  the  same  as  the  Initial  test* 

3.  A  500  hour  endurance  test  with  a  minimum  of  2%  of  the 
tost  time  at  take  off  power  with  the  remaining  1%  at 
the  most  severe  mission  spectrum  with  an  acceleration 
factor  of  1*25  minimum  on  all  loads  i*s*  input  shaft, 
take-off  shafts,  thrust,  etc.  The  test  objective  is  to 
demonstrate  that  the  design  objectives  of  reliability 
are  met. 

Many  of  the  coo^>onent  parts  of  the  initial  teat  gearbox 
could  be  utilised  for  the  500  hour  endurance  tests.  New 
gears,  bearings  and  the  latest  design  of  improved  parts 
should  be  installed  however. 

Propulsion  Syatem/Tle-Down  Test 

Hie  total  propulsion  i^etem  including  ell  gearboxoo,  enginsCs), 
shafting,  rotor  brake,  clutches,  accessories  and  ccntrolo  should  be  sub¬ 
jected  to  ths  following  tests  as  a  minimum  using  either  a  test  bod  or  the 
complete  tied  down  helicopter*  A  test  tiiae  accumulation  of  20  hours  should 

\ 

\ 
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be  required  prior  to  firet  flight  of  the  aircraft  and  a  test  tlme/fli^t 
ti£e  ratio  eetabliehed  at  2/1  for  the  test  program  to  enmu«  an  adequate 
test  zaargin  of  time  accumulation  on  coiqx>nentB  and  syeteota. 

1*  A  shake  down  test  of  50  hours  with  50^  of  the  test  time 
at  take-off  power^  lC?f  of  the  time  at  11C?6  of  take  off 
power  and  the  remaining  kOfh  at  normal  rated  power.  The 
test  would  be  divided  into  5  ten  hour  cycles  with  one 
cycle  being  at  12056  of  normal  rated  speed  and  four  cycles 
at  normal  speed  ranges. 

The  cbjective  of  this  tost  is  to  demonstrate  that  the 
helicopter  propulsion  system  is  safe  for  fli^t.  The 
requirtsaont  is  not  to  pass  this  test  but  to  desKinstrate 
lack  of  catastrophic  failure  modes  and  the  fail-safe 
featuroe  of  the  dynamic  con^mnta^  to  satisfactorily 
deronstrate  fixss  for  each  mode  of  failure  or  major  mal¬ 
function. 

2.  A  100  hour  qualification  test  at  the  same  spectrum  as 
the  50  hour  shake  down  test  consisting  of  ten,  10  hour 
cycles  with  two  cycles  at  120^  of  normal  rated  speed  and 
eight  cycios  at  normal  speed  ranges. 

The  objective  of  this  test  is  to  demonstrate  the  adequacy 
of  the  modifications  developed  for  earlier  problenm  en¬ 
countered  during  th«t  50  hour  shake  down  test  and  flight 
tost  and  to  ass^ire  reasonable  operating  intervale  without 
failures.  Ths  requirement  is  not  to  "pass'*  this  test,  but 
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to  obtain  a  mlnlnma  of  fifty  tost  hoiirs  vithoxxt  failuro 
or  naior  malfunction  on  all  parts  schoduled  for  production. 


Pliftht  Test 

The  helicopter  flight  teat  progiraa  should  be  designed  to  complete 
the  contractors  and  contractural  aircraft  handling  qualities,  performance 
and  structural  buildup  programs  in  a  minimum  number  of  flij^t  hours  and  in 
the  shortest  possible  calendar  tine.  In  addition  to  the  necessary  atirvey 
test  flights  (stress,  vibration,  etc.)  training  and  classical  proceduros  of 
flying  at  incremental  changes  in  air  speed;,  CGs,  a  portion  of  the  flight 
test  program  should  be  devoted  to  flying  simulated  missions. 

Data  obtained  fros  these  tests  can  be  used  to  verify  the  deeigii 
alselon  spectrum  and  to  verify  the  operation  and  naintainabillty  of  the 
dynamic  and  airfiraae  conpenents  tmder  conditions  approaching  actual  service 
operatlorA. 

Follow-on  Product  Improvensnt  Tests 

Upon  cong)letion  of  the  ground  test  program,  including  the  dovelop- 
raent  and  endurance  bench  tests,  tie-down  or  dynamic  systems  tests,  a  pro¬ 
duct  in^srovement  plan  for  the  transmission  system  components  should  be  made. 
Follow-on  bench  testing  to  cover  the  evaluation  of  conqsonents  manufactured 
by  alternate  fabrication  sources,'*’  additional  improvements  indicat»i  by  field 
exfinficneo,  and  planned  transmission  growth  (power  capability)  ehould  be 
initiated  as  soon  as  possible. 


*  Some  evaluation  of  alternate  sources  can  be  accomplished  (if  sources 
available)  in  the  second  development  or  endurance  teet. 
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In  (a)  follow  on  programCs)  a  now  tranjsniaoion  incorporating 
the  latest  design  features  should  be  utilised  for  this  test.  A  2C0  hour 
test  s  jaiilar  to  the  overstress  development  bench  test  should  be  conducted. 
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PgFlMITIOH  OF  T! 


lOQT 


atTRODUCTION 

Thare  hiiro  ofb<m  boon  major  semantic  problens  in  both  industry 
and  goremnent  with  the  tendadogy  used  in  the  description  of  life, 
operation,  and  reliability  of  aircraft  dynamic  coa^M&ents.  The  following 
definitions  are  proposed  for  aaqy  of  these  terms*  Also  Incltidad  are  ooweabs 
on  the  terms  and  their  definitions* 

SEFIHITZONS 

SAFBTT 

Definitions  Safety  refers  to  prerention  of  loss  of  life,  striotte 
inJcuT*  or  lois  of  aircraft* 

CoaasBtst  The  specified  level  of  safety  determines  reliability 
requirements  ttcm  which  other  disciplizMS  of  design, 
test,  produce,  operate  and  maintaia  are  derived* 
Arbitrary  spocificatloia  requirements  for  particular 
” service  livos"  or  "most  paas"  tests  prohibit  the 
designer  from  selecting  the  best  method  be  chooses  to 
satisfy  the  prime  requirements  safety*  For  example, 
a  designer  may  choose  to  des^n  a  particular  compooent 
for  A  high  rAlijb jULity .  Jji  whlnh  cma  thA  pynhflhillty 
of  failttre  is  ranote,  or  he  may  provide  deteotion 
devioes  that  give  adequate  warning  time  whioh  achieves 
a  better  lovel  of  reliability* 
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DEPOiriOHS 

FAILORg 

3<tflnltlon8 

CoHMcts: 


FAIL  sm 

Daflaitlont 


CoBnAnts: 


SAFE  LIgB 

Doflaitlfloy 


«  0 

Fiilura  i«  tbe  nonporfonuco*  of  a  wffiiTtmnt 
oxpootod  of  a  component  or  systeiit. 

Tho  ra^plraatnt  for  a  struotore  is  that  it  perfor»a 
the  funotion  of  oarrying  loads*  Therefore^  if  a 
structure  has  failed,  it  can  no  longer  earzy  a  load* 
Note  that  fracture,  cracking,  deterioration  or  daaage 
docs  not  neoessarlly  constitute  av  failure* 


A  fail,  safe  derioe  or  structure  has  oharaoteristioa 
such  that  in  the  pMsenoe  of  abnoraAlitles,  such  as 
fatigue  oracdcing  and/or  physical  dmage  or  dsterio- 
ration,  tbe  probability  of  a  catastrophic  failure 
prior  to  dsteotion  of  the  abnoraalit^  is  extrsMsly 
reacts* 

Tbe  tern  "fall  safe"  is  an  unfortunate)  choice  of 
words*  Only  whan  a  portico  of  a  structure  has  "failed" 
and  the  raataining  structure  withstands  the  loading 
without  failure  can  we  bars  a  "fail  safe"  structure* 


A  finite  life  assigned  to  o(»q)ouent8  subjected  to 
fatigue  or  wsar-out  dasage  wherein  the  populatioo 
of  occq>ouent8  presumably  operates  In  service  up  to 
this  established  "life"  without  exhibiting  erldenoe 
of  failure* 
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pgnifirioKs 

Comeeatos  This  ooaoepb  has  one  faUaojrs  The  procedure  suppossa 
a  finite  life,  l^pnoring  the  etatistiool  nature  of 
things  and  is  aldn  to  predicting  the  life  of  a 
particular  huoan  being* 

QM-OOaDiriOH  OgBRATIOH 

Pefiaaitiont  Renoyal  of  a  ooHt>Ment  from  service  for  overhaul 
dependent  only  on  the  coiq)onent*8  seiTioeabilityf 
as  detexedned  by  inspection* 

Cowentai  Reqiairesaents  for  overhaul  on-eondition: 

1*}  The  ofloponent  is  fail-safe* 

2*}  iObaorRolities  are  detected  in  sufficient  tine  to 
remove  the  conqponent  before  internal  damage  causes 
hi^  overhaul  costs* 

3*)  Detection  systeiv  ure  euoh  that  c<nm»»e»t8  are  not 
prematurely  removed  from  aervioe* 

TUB  BETWEEN  OTERHAPL  -  TBO 

Definition t  TBO  ia  the  authorised  time  Interval  during  uhlch  a 
coaQionent  is  allowed  to  operate  in  esrvlce  prior  to 
overhaul* 

Comaents;  The  establiehaent  of  a  TBO  placee  uimecessary  hardships 
on  the  operator  from  the  standpoint  of  aircraft  avail¬ 
ability  and  high  coat  of  overhaul*  L  system  coursed 
of  matqr  components,  such  as  a  cooqplex  transmission, 
demonstrates  a  constant  hazard  failure  rate*  The  act 
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lagnngioMs 


mamms  RBSoyAL 
Deflaitloat 

Cotwantit 

FAJIQOE  LIFS 

Dtflaltioot 

CoBaaots? 

ISOLA,TSD  CASK 

Deflnltloo» 

CocBwntai 


of  oTorhaullfig  lowers  rtBllcbillty  b}'  raistroduoisg 
the  ooapoiMuat  to  the  infint  aortality  egrole*  The 
prbblea  ie  anoh  like  that  aesooiated  with  any 
eqtalpMiitt  If  It  vorks»  leare  it  alone « 


ReaoTal  of  a  ooai>aaent  at  less  than  the  presorlbed 
TBO  for  oaasee  suoh  as  faUiiref  susploion  of  failure, 
or  an  inolpient  failure* 

Is  usual  and  norsal* 

CoweoBly  a  oaloulated  life  below  whloh  no  part  will 
fail. 

Saae  ooaiaeats  as  "Safe  Life." 


The  flriit  instance  of  failure  of  a  ooaponent  is 
generally  regarded  as  an  "Isolated  case"  (in  soae 
cases  the  second  and  third  tias). 

Hunan  beings  consider  a  xsistaks  in  analysis  or 
calculations  as  an  affront.  If  scoething  does  happen 
and  no  action  ie  taken,  it  is  an  eten  bet  that  it  will, 
happen  again. 


69 


ifi®r  - 


Deflaitlont  Tha  total  nuabar  of  oparatlxig  hoars  for  a  gitaa 

eoa^Moant  or  systea  dtvidad  \fy  tha  nussbar  of  u&sohsdnlad 
raaorals  of  that  coeQ^onant  or  systen* 

Conoactit  Tha  word  ‘’fallora*  is  saot  nsad  in  tha  truo  sanaa  aa 
deflaad  haraia*  In  praotloo>  "failnraa"  oonaiat  of 
onsohadalad  reaovalo  baoaasa  of  dataotton  of  laeipiant 
failures^  an  indication  of  faiLtore,  right  or  weong, 
and  aotual  failxtras* 


-  KSAK  TIME  BEIKEBf  RBIOVAXS 


APPEKDK  II  ‘ 


H-3,  K-53,  and  H-54  Transmission  Systfsm  Drawings 
Main  Transmissions  |ind  Drive -Train  Arrangsmsnt 
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TEST  FACILITIES 


The  H-3>  H-53  And  H-54  Transmission  System  components  reviewed,  in 

% 

this  report  were  tested  on  the  Sikorsky  Aircraft  test  facilities  shown  in 
the  next  few  pages. 

The  bench  test  facilities  are  used  for  R  &  D  testing  and  production 
acceptance  testing.  Flight  pcwer  and  loading  parameters  are  simulated  in 
the  test  box  by  means  of  regenerative  loop  arrangements,  which  require  only 
a  fraction  of  the  normal  input  horsepower. 

For  the  main  transmission  rigs,  the  installation  consists  of  the 
tost  box,  a  dummy  box  and  sundry  connarcial  connecting  gearboxes,  with 
shafting  and  couplings  to  link  like  power  input  shafts,  main  rotor  shafts, 
and  power  take«K>ff  shafts  into  continuous  loops.  Torques  are  applied  to 
the  loops  by  one  of  several  methods,  as  follows: 

.  Through  the  shaft  couplings  during  installation. 

.  Ey  rotating  the  stationary  ring  gear  in  the  duuiny  box. 

.  By  rotating  the  entire  dummy  gearbox,  or  commercial 
reduction  gearbox. 

.  By  hydraxilic  pressure  displacing  helical  gearing  in 
the  axial  direction. 

The  latter  three  methods  permit  change  of  torque  while  the  rig  is 
in  operation.  In  addition,  flight  magnitude  thrust  loads  and  moments  are 
applied  to  the  main  rotor  shaft  of  the  teot  box.  The  entire  system  is 
rotated  at  normal  operating  speed  by  meano  of  an  electric  motor  {or  motors). 
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IntenaodiAte  and  tail  trantsmisslonB  are  integrated  in  a  coonon 
rig  ifith  a  single  loop.  The  principle  is  the  saae  as  above  (utilising 
test  and  dusBQr  boooss). 

General  specifications  covering  power,  gearbox,  and  cooling 
liisltatlons  are  tabulated  for  each  of  the  facilities  on  the  following 
pages.  Kany  of  these  facilities  are  shewn  in  Figures  21  thro\t^  23* 
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